Two new techniques are introduced for measuring the color content of printed graphic images with applications to web inspection such as color flaws and measurement of color quality. The techniques involve the development of algorithms for combining the information obtained from commercially available CCD color cameras and colorimeters to produce a colorimeter system with pixel resolution.
INTRODUCTION
Color determination is based on the phenomenon of how a human observer perceives color. In 1931, the Commission Internationale de l'Eclairage (CIE) set forth the standards which are used to determine the human response to color. The CIE standards are based on color measurements in which human observers visually matched a given color by the mixing of three primary colors (red, green, blue). The result of the experiment was a set of observer spectral tristimulus values (x, y, z) which are the standard in color determination. There are a number of other color coordinate systems, but most of these are based on a mathematical transformation of the CIE tristimulus coordinates.
Web inspection for product quality control is the measurement of flaws and flaw features. As an example, a sketch of an imaging colorimeter system as it would be used on a graphic printing press web transport system is shown in the figure on the following page. One important aspect of web inspection is the determination of color as perceived by a human observer. In order to make color measurements, the measurements must be referenced to the 1931 CIE observer tristimulus values. Most commercially available colorimeters measure color over large regions and thus lose sensitivity for localized features of interest. To determine color at a pixel level, two criteria must be satisfied. First, one of the CIE standard Illuminants (i.e. A, B, C, or D series) must be used and second, the response functions of the sensors at each pixel must conform to the standard observer response functions as specified by the CIE standard. Filters (red,green,blue) for an off-the-shelf CCD color camera do not correspond to the standard human response functions. One of the problems involved in designing filters that duplicate the human response functions is that two filters are needed to reproduce the x CIE standard response curve. For a CCD camera this means that four filters must be used instead ofjust three. If an off-the-shelf CCD color camera is used to determine color at the pixel level some method must be found to correlate the camera output with the CIE standard observer response. The method described here uses on-line colorimeter measurement to standardize the CCD color camera output.
MODELS AND COMPUTATIONAL TECHNIQUES
One modeling approach to correlate CCD color camera outputs with the CIE tristimulus values found in the literature is to use a conversion or compensation matrix. Since there are three camera and CIE values there will be nine matrix elements in the compensation matrix which must be determined. "-'I-,'
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7_/_7 7_ ,,,-7 7-f_7 r,-v 7' Pf? where the x, y, and z are the three CIE values, the r, g, and b are the outputs from the color camera for thethree filters, and the m. {i,j = 1,2,3} elements are the matrix elements relating the camera output to the CIE tristimulus values. In the paper by Suzuki the matrix elements m are computed by considering a color space and determining the conversion matrix using the least squares method to minimize the error between measured values and computed values. As Suzuki points out, the conversion matrix depends strongly upon the set of color samples chosen. To test the accuracy of their conversion matrix, the color differences, using the CIELAB coordinate system, for 440 color samples were computed. The average color difference was < 1.3 and the maximum was about 5. For web inspection the color differences should be about 1 or less, since this is the smallest color difference which the human observer can detect. The problem with the conversion matrix approach is the loss of accuracy when the entire color space is described by just one matrix. One method to improve the accuracy of the conversion matrix approach is to subdivide the color space of interest into smaller subspaces and determine the conversion matrices on each subspace, however, better accuracy is obtained at the expense of having a set of smaller subspaces and more conversion matrices. The obvious extension of this technique is a "look-up table", mapping the camera response to xyz color space, with standardized illumination, filters, and CCD element responses.
A second modeling approach introduced by Simpson and Jansen 2, combines simultaneous colorimeter and CCD color camera measurements to obtain pixel-level tristimulus values. This technique uses the extra information provided by the colorimeter measurement to uniquely solve for the tristimulus values at each pixel of the measurement image. A matrix approach similar to Suzuki was employed, however in this case, the camera response functions were related to the standard human response functions using a conversion matrix. Again the accuracy was limited by how well the 3 human response functions could fit the 3 camera response functions with just 9 coefficients using a least squares fit. This paper introduces two new techniques which are designed to (1) increase the accuracy of the color measurements without relying on conversion matrices and (2) represent the entire color space of interest, without subdividing the color space into smaller subspaces. The first technique is a generalization of the technique presented in the paper by Simpson. In order to reduce the error by the conversion matrix relating the human and camera response functions, both the camera and human response functions are expanded in terms of some basis set. The error can be made as small as desired by including as many basis functions as necessary for each of the expansions. The second technique is based on a method used by authors such as Barlow, Maloney4, Wandell5, and Chang, Liang and Hackwood6. The basic premise of this technique is that linear models can be used to describe the reflectance and the radiance functions (illumination).
The measurement model used in both techniques is derived by representing the color signal corresponding to each filter of the CCD color camera at each pixel location by the integrated value (over wavelength) of the products of the image spectral illumination at the pixel, the camera spectral response, and the spectral reflectance of the image at the pixel site. Mathematically, the color signal is represented by the expression2:
where pX. D S the color signal at the pixel location x for the ii" CCD camera filter, {red, green, blue} or equivalently {1, 2, 3}, E'(A) is the image illumination at the pixel location x, SX(A) is the spectral reflectance at pixel location x, and Rx1(X) 5 the spectral response of the camera at the pixel location x. The measurement made by the colorimeter is the integrated color content over the whole image. The colorimeter standard tristimulus values, S Ioflmeterare modeled as follows:
where E5(A) is the spectral irradiance of a standard source and r.(X), for i = {1, 2, 3}, corresponds to the three CIE standard response curves {x, y, z} respectively, and N is the total number of pixels. The normalized CCD color camera output, Sx, CCD' in terms of the tristimulus values is modeled by the expression:
The problem is to determine the normalized CCD camera output, S CCD' given the CCD color camera output, p CCD' and the colorimeter output, Si colonmeter
Linear model foi human and mera responses
The first technique is a generalization of the method presented by Simpson2 for determining the color and is based on the following three assumptions: (1) the image illumination, E(.,) has the same spectral response as the standard illumination, E(A); (2) the standard human response functions and the camera response functions can be expanded in terms of a set of basis functions; and (3) E(X), is uniform over the image, and the CCD elements have uniform responses (i.e. independent of the pixel location x). The model in Simpson's paper was generalized for two reasons. First, by allowing the human and camera response functions to be expanded in an arbitrary set of basis functions, rather than using the compensation matrix approach, a basis set can be selected which will minimize the error resulting from the expansions. The general method assumes any number of basis functions (greater than or equal to 3) can be used. Second, additional constraints can be allowed; for example, the constraint that all the values obtained from the fit must be non-negative can be imposed.
By using a Standard Illuminant, E,(A), the resulting image illumination, E(.) will be proportional to the source, thus
where K is the constant of proportionality. Assumptions (1) and (3) require that the image illumination and the camera response functions be uniform across all pixel locations. Using these assumptions equation (2) can then be written in the form
The third assumption involves choosing a basis set {4, 4, ..., 4} and expanding both the human response functions and the camera response functions in terms of this basis set as follows:
r.(A) = b4Q) for i = 1, 2, 3
For generality, an arbitrary number of basis functions, n, has been assumed. If three basis functions are chosen and there are three camera filters, then there will be a unique solution to the problem. However, if more than three basis functions are used with three filter functions, then a mathematical technique such as singular value decomposition must be applied to the problem in order to obtain a solution. When equation (7) is substituted into equations (6), (3), and (4), the resulting new equations are given by PCCD = aKf E(.)4/X)S'(X)d. To simplify the notation, is defined by the equation
When explicitly writing the matrices in this paper 3 basis sets will be used. Generaliz is straightforward. The procedure now is to solve a series of linear equations to determine the normalized CCD camera output, S CCD• Equation (8) In order to relate the colorimeter values and the camera values, it is convenient to introduce the average values of the quantities over all the pixels as follows:
where N is the total number of pixels.
The first step is to solve equation (13) for the value I and its average value over all the pixel locations. Using the average values of JX equation (9) As an example, choose the basis set to be CIE standard response functions,
The coefficients a, in equation (7) can be determined by a least squares fit to the standard response functions. The coefficients b1 become the Kronecker delta function, having a value of 1 for i = j and 0 otherwise. For this basis set, equation (18) reduces to the same form derived by Simpson and Jansen2. 
Linear model for illumination and reflectance
The second technique is based on the method by Maloney4 and Wandell5 in which they demonstrate that the illumination and the reflectance can be expanded in a linear combination of basis functions. This approach is unique in that the actual camera and colorimeter response functions are used as opposed to fitting the curves with a conversion matrix. The advantage of expanding the illumination and the reflectance functions, rather than the response functions, is that the illumination and the reflectance spectra are more slowly varying functions with respect to wavelength and thus higher accuracy is obtained with fewer basis sets. Also, the illumination and reflectance, being band-limited, do not depend on the selection of a color space for their determination and the method is uniformly applicable to the entire color space. A further benefit of this approach is that the spectral reflectance, the image illumination, as well as the xyz values are obtained at each pixel of the image. Assumptions used in the second approach are as follows: (1) the image illumination and the reflectance can be expanded in terms of basis functions, and (2) the measurement illumination, E().), and the CCD element responses, R(.), are uniform over the image.
The mathematical procedure for this method is very similar to the procedure for the first method, except that three different sets of basis functions are used; one each for the reflectance, the average reflectance, and the image illumination. Expanding the illumination and the reflectance in terms of basis sets {u1, u2, ..., um} and {v1, v2, ..., v} respectively using an arbitrary number of basis sets for each basis function, The color signal, CCD' averaged over all the pixel locations, x, can be related to the colorimeter measured values, Si colorimeter This procedure involves using an expansion for the average reflectance. The average reflectance is related to the average color signal and the colorimeter values, as demonstrated by the following two equations. The colorimeter values from equation (3) can be written in the form:
and the average color signal, using equation (2) and the definition of the average value over all the pixel locations, gives the equation:
Expanding the average reflectance in terms of some basis set {w1, w2, ..., w} the average reflectance becomes:
Note that the three basis sets that have been introduced, can in general, all be different. The procedure is to solve for each set of coefficients. When the expansion for the image illumination (equation (20)) and the expansion for the average reflectance (equation (25) Matrix equation (28) can now be solved for the unknown coefficients (a1 for i = 1, 2, 3). As stated earlier, if there are three basis functions and three camera filters, then a unique solution for the coefficients is obtained. Otherwise, mathematical techniques such as singular value decomposition must be used.
The next step is to determine the coefficients, e, in the expansion for the image illumination using equation (26). Equation (26) Equation (32) can now be solved for the coefficients, civ, at each pixel location. The normalized camera output can then be determined by substituting the expansion for the reflectance, Sx(X), into equation (4) and using assumption 2, to obtain the results: The minimization of the error in both techniques depends upon the choice of basis functions. The first technique uses a linear model for the human and camera response (Sect 2.1) and determines the respective coefficients from basis expansions of the camera and colorimeter response functions. The choice of the basis functions and how well the response functions can be fit by a finite number of basis functions determine the accuracy of this representation. The second method, the linear model for illumination and reflectance (Sect. 2.2), determines coefficients for the basis expansions from the CCD camera and colorimeter measurements. The technique is more general than the first method and uses the actual response functions r.(X) and R().) rather than relying on a fit, however, again the accuracy is determined by the number and choices for the basis functions, fitting the illumination and, more importantly, the reflectance by a finite number of basis functions.
One possibility for a choice of basis function is to use the Karhunen-Loeve (K-L) expansion. The K-L expansion is based on statistical analysis7 using an ensemble of color signals and solving for the eigenvectors. Any color signal can then be represented by a linear combination of these eigenvectors. Using Munsell color chips, Maloney determined the K-L eigenvectors for the reflectance and image radiance functions. Maloney concludes that when five or more basis functions are used, the error was < 1%. In many cases, excellent fits to the data were obtained using as few as three or four coefficients.
Another choice for basis functions was suggested by Stiles et al. 8 , who showed that frequency-limited (bandlimited) functions can be applied to spectral reflectance functions. This appears to a natural choice because the reflectance and illumination functions are band-limited in wavelength space; i.e., the color signals are constrained to be positive and wavelength-limited (400 -700 nm). Chang et al., point out that under real-world conditions, the K-L expansions may not be easy to obtain; instead, they suggest that wavelength-limited functions may be a better choice for the basis functions. One such set suggested was the digital prolate functions9.
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
Two new approaches, both based upon linear models, have been introduced to produce an imaging colorimeter from off-the-shelf components. Both methods are expected to enhance the accuracy over previous color measurement techniques with CCD color cameras by eliminating the need for compensation matrices and taking advantage of the extra information provided by a parallel colorimeter measurement. The first approach uses a standard illumination source and models the colorimeter and human response functions with basis functions, yielding the computationally simpler procedure. The second approach uses actual human and camera response functions and models the illumination and reflectivity from basis expansions. The second approach has the added advantage of providing estimates of the illumination spectrum and the reflectance spectrum at the pixel level from the camera and colorimeter measurements. It is desirable to use as few basis functions as possible for the expansions, since there are only 3 camera filters. Our initial results indicate that band-limited functions such as the digital prolate functions are a good choice for the basis functions.
We are now testing both approaches using mosaics of Munsell chips. Both CCD camera measurements and colorimeter measurements have been taken of a large set of Munsell chips. Mosaics consisting of approximately 16 Munsell chips are then constructed digitally from CCD color camera measurements of the individual chips. The colorimeter input to the model is then the average xyz CIE values for the entire mosaic. The normalized camera values are then computed using both approaches and compared with the individual colorimeter values made on each separate Munsell chip to determine the errors. The questions that remain, then, are: 1) How well does each model fit the measured data if only three basis functions are used in each basis set (therefore unique solution)? and 2) If more basis functions are used, what are the regions in color space where anomalies may exist (multiple solutions, similar to the phenomena of color metamerism)?
